karyopherins mediating nuclear export (exportins). Cse1 (CAS in mammals) is the exportin that mediates 1 European Molecular Biology Laboratory Meyerhofstrasse 1 the recycling of importin α in the classical nuclear localization signal (NLS)-mediated pathway (Brinkmann et DSaarlandes tin α (karyopherin-α or kap60/Srp1 in yeast) is an adaptor that in the cytosol binds both NLS-containing pro-D-66421 Homburg Germany teins via its ARM repeat domain (Conti et al., 1998) and the receptor importin β via its N-terminal importin β binding (IBB) domain (Cingolani et al., 1999; Görlich et al. , 1996). After the import complex is transported into the nucleus and disassembled by RanGTP, both adap-Summary tor and receptor are recycled back to the cytoplasm for another round of transport. Unlike the receptor, impor-Cse1 mediates nuclear export of importin ␣, the tin α is unable to translocate back by itself and is innuclear localization signal (NLS) import adaptor. We stead exported in a ternary complex with Cse1 and report the 3.1 Å resolution structure of cargo-free RanGTP. The ternary export complex is dissociated in Cse1, representing this HEAT repeat protein in its cythe cytoplasm where Ran hydrolyses its GTP to GDP. In tosolic state. Cse1 is compact, consisting of N-and contrast to importin β, Cse1 is unable to bind importin α C-terminal arches that interact to form a ring. Comin the cytosol.
provided for the first time a snapshot of an exportin in Cse1 Features a Ring of HEAT Repeats
Cse1 is built up of 20 consecutive HEAT repeats to form its nuclear state. Here we report the crystal structure of the cargo-free form of Cse1 determined at 3.1 Å resolu-a rather compact structure (Figure 1) . The compactness arises from the arrangement of the first 16 HEAT re-tion, showing the same exportin in the cytosolic state. The structure shows that in the unbound state the peats into a ring-like structure, with HEAT repeats 1-3 contacting HEAT repeats 14-16. The ring has a diam-N-terminal 16 HEAT repeats of Cse1 form a ring, encircling a conserved insertion at the eighth repeat. Muta-eter of 67 Å, with a central hole of 20 Å in diameter. The four C-terminal repeats (HEAT repeats 17-20) extend tions engineered to destabilize the ring-like conformation enhance binding of importin α in the absence of perpendicularly from the plane of the ring, forming a 45 Å protrusion. The overall shape and dimensions of RanGTP, while deletion of the HEAT 8 insertion impairs export complex formation. The structural and biochem-Cse1 are consistent with low-resolution reconstructions from small-angle X-ray scattering data of Cse1 in ical data suggest a molecular mechanism whereby the HEAT 8 region and its insertion act as a pivot point in solution (Fukuhara et al., 2004) . The secondary structure elements that give rise to the switch between the closed conformation of the cytosolic cargo-free state and the open conformation of this unusual ring-like structure are typical HEAT motifs (Andrade et al., 2001) . The Cse1 HEAT motifs are on the nuclear cargo-bound state.
average 40 amino acid residues long and are characterized by two antiparallel α helices, named A and B (Figure 2) . As with other HEAT repeat proteins, the mo-Results and Discussion tifs stack against each other, with the A helices forming the outer convex surface of the molecule and the B Structure Determination Full-length Saccharomyces cerevisiae Cse1 was ex-helices forming the inner concave surface. The connection between the A and B helices within each repeat is pressed in bacteria and purified to homogeneity, but did not crystallize. The 110 kDa protein was therefore generally a short loop, with the exception of HEAT repeats 8 and 19. At the eighth repeat, the intra-repeat subjected to limited proteolysis. Protease cleavage was carried out quantitatively and reproducibly with subtil-connection (residues 347-376) folds into two α helices. At the nineteenth repeat, the connection is a long loop isin to yield an N-terminal 100 kDa fragment (as judged by mass spectrometry, data not shown) coeluting in size-(residues 869-917) that protrudes about 30 Å toward the N-terminal part of the molecule (Figure 1) . exclusion chromatography with a small w10 kDa fragment. These results suggested that subtilisin cleaved a The loop at HEAT 19 is the site of subtilisin cleavage (at Leu875). No electron density is present for a portion loop in the protein rather than removing a domain. Fulllength and subtilisin-treated Cse1 have a similar radius of the loop downstream of the cleavage site until residue 892, beyond which the polypeptide assumes an by dynamic light scattering (4.24 nm and 4.19 nm, respectively), indicating that the overall structural prop-extended conformation that contacts the B helices of HEAT repeats 13 and 14. Thus, the loop has been erties of the protein do not change upon protease treatment. Functionally, subtilisin-treated Cse1 binds impor-merely nicked in the solvent-exposed part rather than digested entirely by the protease. In the other Cse1 tin α and Ran with similar affinity to that of full-length Cse1, as judged by titrating increasing amounts of molecule present in the asymmetric unit (molecule 2), residues 870-874 form part of a crystal contact, provid-RanGTP in pull-down experiments (Figure S1 in the Supplemental Data available with this article online). ing a rationale for the requirement of subtilisin treatment in obtaining this crystal form. The proteolyzed Cse1 protein yields crystals with two molecules per asymmetric unit that diffract to 3.1 Å resolution. The structure was solved to 3.3 Å by using HEAT Repeat Architecture in the Cse1 phases determined from a SAD (single anomalous dis-Ring Structure persion) data set on a crystal grown from selenomethio-Analysis of the HEAT repeat arrangement in the ringnine-substituted protein. The high redundancy of the like Cse1 structure shows an irregular sequence of data collected was crucial for the structure solution (Taright-handed and left-handed interrepeat twists. The ble 1). The final model has been refined to 3.1 Å resoluregular packing of a given HEAT repeat with the adjation with an Rfree of 28.9%, a working R of 23.4%, and cent one downstream is usually a right-handed twist of good stereochemistry (Table 1) . The two independent about 15°. This regular arrangement predominates in copies of Cse1 in the asymmetric unit (molecules 1 and the C-terminal half (between HEAT repeats 9 and 17), 2) superpose with a root mean square deviation (rmsd) generating an arch-like structure with a smooth curvaof 1.3 Å in their Cα atom positions. The rmsd is lower ture ( Figure 3A, right panel) . After HEAT 17, the pres-(0.9 Å) if superposing repeats 1-8 or repeats 9-20, indience of a helix in the linker connecting to HEAT 18 recating that the two molecules are essentially identical, sults in a larger right-handed twist of about 50°, thereby but for a slight movement of the N-and C-terminal forming a kink at the C terminus. At the N-terminal half halves with respect to each other. Since several loop of Cse1 ( Figure 3A, left panel) , the regular interrepeat regions of the second molecule are poorly defined in arrangement is present between HEAT repeats 2 and the electron density map, we restrict the discussion to 3 and between HEAT repeats 4 and 8. The pattern is molecule 1 unless otherwise stated. The atomic model interrupted by large left-handed twists between HEAT consists of residues 2-959, with the exception of resirepeats 3 and 4 and between HEAT repeats 8 and 9 (of dues 530-543 and residues 871-891 for which no orapproximately 30°and 50°, respectively). Comparison of the Cse1 structure with those of im-dered electron density is present. the total), the net effect is to hide most of the Ran contacts ( Figure 4B , blue areas).
The Ring-like Structure of Cse1 in the Cargo-free
A contact site for Ran that is still accessible in the State Opens upon Cargo Binding ring conformation is the extended loop at HEAT 19. In Comparison of the Cse1 structure in the cargo-free the Cse1-importin α-RanGTP complex, the HEAT 19 state with that in the cargo-bound structure that has loop interacts with RanGTP (Cse1 residues 886-892) been recently reported (Matsuura and Stewart, 2004) and with importin α (Cse1 residues 871-874) (Matsuura shows that Cse1 undergoes a large conformational and Stewart, 2004). This part of the loop is not visible change. The ring-like structure of the cargo-free state in cargo-free Cse1. It is possible that this change is opens up to a horseshoe shape upon binding to partly a result of the proteolytic cleavage in the Cse1 RanGTP and importin α (Figure 4) . The N-terminal protein that was crystallized in the cargo-free state. arches have a similar structure (rmsd value of 1.8 Å However, upon superposition of the C-terminal arches upon superposition of HEAT repeats 1,7) and so do the of cargo-free Cse1 and cargo-bound Cse1, it is evident C-terminal arches (rmsd of 1.5 Å for HEAT repeats 12that the conformation of the HEAT 19 loop observed in 20). However, as with the importins, both arches cannot the latter would clash with the N-terminal arch of the be superposed at the same time. Comparison of each ring-like conformation. These results suggest that in tandem pair of HEAT repeats in cargo-free and cargothe cargo-free state, the RanGTP binding site at the bound Cse1 shows that the differences are localized to HEAT 19 loop is likely to be in a different conformation two areas. For most of the molecule, any pair of HEAT that, given the accessibility to the protease, is exposed repeats deviates with less than 0.7 Å in rmsd. The difto solvent and is accessible. ferences increase significantly for HEAT 3-4 (rmsd of 1.2 Å) and for HEAT 7-8 and HEAT 8-9, (rmsd of 1.6 Å).
Alterations to the interfaces on either side of HEAT 8 Distortion of the Importin ␣ Binding Site are responsible for a major kink in the cargo-free strucin Cargo-free Cse1 ture. The alteration is due to a movement of HEAT 8
In cargo-free Cse1, many of the contact sites for importoward HEAT 7 and is propagated toward HEAT 9, betin α are exposed to solvent (Figure 4 ). In the structure yond which the C-terminal arch moves as a rather rigid of the cargo-bound complex (Matsuura and Stewart, body. This suggests that the region between HEAT 7 2004), importin α contacts Cse1 at multiple sites disand HEAT 9 behaves as a hinge that allows rigid movetributed over a large area on both the N-terminal and ments of the N-and C-terminal arches. At HEAT 9, a C-terminal arches ( Figure 4A, purple areas) . The importryptophan residue (Trp419) is conserved not only in tin α binding sites on the N-terminal arch are on a ridge Cse1 homologs but is also found at the same structural created by the interrepeat loops of HEAT repeats 2-7, position and with a similar chemical environment in while on the C-terminal arch they are at the loops beboth importin β and transportin, underscoring the imtween HEAT repeats 9-12 and at the HEAT 19 insertion. portance of this region (Figures 2 and S2) . The second
In the structure of cargo-free Cse1, the only binding site area of localized differences is at HEAT repeats 3 and that is occluded is at the HEAT 2-3 loop. However, the 4, where a larger negative twist in cargo-free Cse1 redirelative orientations of the binding sites on the N-terrects the upstream repeats toward the C-terminal arch minal arch and C-terminal arch in the ring-like structure and enables the closing of the ring structure.
are displaced by closure of the two arches ( Figure 4B , purple areas). As a result, importin α cannot bind to both arches simultaneously as it does in the cargo-Occlusion of the Ran Binding Site in Cargo-free Cse1 bound complex. Furthermore, docking of importin α onto its binding sites at the N-terminal arch of Cse1 The structure of cargo-bound Cse1 shows that RanGTP interacts with Cse1 at several distinct sites. In cargo-would cause steric clashes between the C-terminal portion of importin α and the loop between HEAT re-free Cse1, most of the residues that interact with Ran are occluded (Figure 4) . In the structure of the Cse1-peats 9 and 10 in the hinge region of Cse1. The contact sites on the N-terminal arch are more cargo-RanGTP complex, Ran sits in the center of the horseshoe structure with the two arches of the exportin extensive and more conserved than those on the C-ter- Figures 4B and 4C) . This suggests that the tagenesis studies have shown that point mutations in the IBB domain of importin α disrupt formation of the sites on the N-terminal arch might be an initial docking site for importin α, together with the contact site at the ternary complex (Matsuura and Stewart, 2004) . Although we find that N-terminal truncations of importin HEAT 19 loop. In the structure of the ternary export complex, the N-terminal sites interact both with the IBB α that lack the IBB domain are still able to form a complex with Cse1 and RanGTP (Figure 5B, lanes 5 and 6) , and with ARM repeats 8-10 of importin α. Previous mu- (lanes 7-9) . These mutations do not affect the ability of Cse1 to form a cargo-bound complex (lanes 12-15) . Mutations to the acidic residues at the HEAT 8 insert region also do not affect complex formation (lanes 17 and 18) . In contrast, the Cse1 ⌬insert mutant is unable to form a complex with RanGTP and importin α (lane15). (C) The HEAT 8 insertion is required for cell viability. Yeast cells deleted for chromosomal CSE1 carrying the URA3 plasmid pRS316-CSE1 were transformed with an empty HIS3 vector (−) or a HIS3 plasmid encoding wild-type (WT) Cse1, the Cse1 HEAT 8 ⌬insert mutant, the 21,25,28 EEE mutant, or the 653R mutant. The cells were streaked on Hisplates or, to counterselect against the URA3 plasmid, on FOA plates and incubated at 30°C for 2 days. The HEAT 8 ⌬insert mutant was not viable, however the 21,25,28 EEE and the 653R mutations do not affect cell viability. it is likely that the IBB domain plays a role in stabilizing in an extended loop conformation but folds into two α helices that pack against the B helices of HEAT repeats the cargo-bound complex. 7-11 ( Figure 6 ). Furthermore, it is not exclusively acidic but contains several conserved hydrophobic and posi-Uncoupling Cargo Binding from Ran Binding tively charged residues that interact with conserved, The observation that the ring-like structure is open in complementary residues of the HEAT helices (Figures 2  the cargo-bound conformation with respect to the  and 6) . cargo-free conformation prompted us to investigate the In the cargo-free state of Cse1, a number of coneffect of disrupting the closed conformation of Cse1 served, negatively charged residues in the HEAT 8 inon cargo and RanGTP binding. The Cse1 cargo-bound sertion point toward the RanGTP binding site. Although state forms in the presence of both importin α and this suggests an electrostatic effect of the acidic clus-RanGTP (Kutay et al., 1997; Solsbacher et al., 1998) .
ter in Ran recognition, the contribution is less signifi-As expected, pull-down experiments with GST-tagged cant than in the case of the importins. In particular, importin α show no interaction with wild-type Cse1 in the acidic residues in the C-terminal portion of the inthe absence of RanGTP ( Figure 5B, lane 3, compare sertion are ordered in cargo-free Cse1 and become unwith lane 5). We next engineered a Cse1 mutant with structured upon complex formation due to structural reverse-charged mutations of Lys21, Arg25, and Arg28 changes in the interaction with HEAT repeats 7 and 8 (all substituted to glutamic acid, 21,25,28 EEE mutant) (breakage of the Asp306-Arg350 salt bridge and a difand a Cse1 mutant with a reverse-charged mutation of ferent rotamer for Arg379, Figure 6 ). Consistently, muta-Asp653 (substituted to arginine, 653R mutant). Based tion of these acidic residues to alanine (373, 375 AA on the structure, both mutants are predicted to destabimutant) does not affect formation of the export comlize the intramolecular interaction between HEAT 1 and plex ( Figure 5B, lane 17) . The only acidic residue of the HEAT 14 by electrostatic repulsion (Figure 5A) .
insertion that is directly involved in Ran binding is the In pull-down experiments, Cse1 21,25,28 EEE and conserved Glu370, whose side chain is disordered in Cse1 653R can partially interact with GST-tagged imcargo-free Cse1 and becomes ordered upon complex portin α in the absence of RanGTP ( Figure 5B, lanes 7 formation to point toward Ran Lys133 (Figure 6) . Howand 8). Both mutants are capable of forming a ternary ever, even a reverse-charge mutation of Glu370 does export complex (Figure 5B, lanes 12 and 13) , suggestnot impair complex formation (Figure 5B370R 
mutant, ing that the substitutions do not affect Cse1 function lane 18). nonspecifically. On the other hand, mutation of residues
The paucity of direct electrostatic interactions of the at the edge of the intramolecular interface (Leu694 and Cse1 insertion with Ran as compared to those of the Lys695 to glutamate) is not sufficient to promote cargo acidic loops in the RanGTP-importin complexes can be binding in the absence of Ran (Figure 5B, 694,695 EE partially rationalized by the observation that, in the mutant, lane 10). These data suggest that destabilizacase of the Cse1 export complex, the positive-charged tion of the closed conformation of cargo-free Cse1 alface of Ran interacts extensively with importin α. The lows at least partial access to the importin α binding interaction involves a set of negatively charged resisites that are otherwise distorted. A weakened interacdues (residues Glu484, Asp506, Glu511, and Glu512) tion between HEAT 1 and HEAT 14 does not affect cell that are highly conserved and exposed on the surface viability ( Figure 5C ). Yeast cells deleted for the chromoof the C terminus of the importin α ARM domain. somal copy of CSE1, which is an essential gene, can survive when transformed with a plasmid coding for wild-type Cse1 as well as with plasmids encoding 653R
The Insertion at HEAT 8 Is Required for Forming or 21,25,28 EEE Cse1. The 653R allele displays a subtle the Nuclear Export Complex change in the steady-state localization of importin α,
The HEAT 8 insertion is found within the hinge region which partially accumulates in the nucleus rather than of Cse1 that connects the N-and C-terminal arches and being distributed throughout the cell (Figure S3 ). is found in close proximity to the interface between RanGTP and importin α. , 1999; Vetter et al., 1999) . A loop with similar features to that of transportin has ments ( Figure 5B, lane 16) . In agreement with this observation, we found that the HEAT 8 insertion is neces-been predicted for the export receptor Crm1, based on structure-guided sequence analysis (Petosa et al., sary for Cse1 function in vivo. Yeast cells deleted for the chromosomal copy of CSE1 are nonviable when 2004). In the case of Cse1, the HEAT 8 insertion is not Chook et al., 2002) . A recent study of the exportin Cse1 has a compact ring-like structure that is unable to interact with importin α in the absence of RanGTP. Crm1 combined a partial structure of Crm1 and modeling of the remaining HEAT repeats to propose a model Mutants that disrupt the intramolecular interface formed by the ring structure of cargo-free Cse1 are able to bind for Crm1 function (Petosa et al., 2004) . A large insertion in Crm1 is predicted to function in an analogous man-importin α in the absence of RanGTP, indicating that ring formation may be a regulatory mechanism that pre-ner to the transportin loop. In this case, the loop is proposed to hide the cargo binding site in the absence of vents untimely binding of importin α. Matsuura and Stewart proposed that the cargo-bound Cse1 complex RanGTP. On formation of the complex, the interaction of RanGTP with the loop would unmask the cargo bind-is a closed conformation of the molecule that would act as a coiled spring. In their model, the hydrolysis of GTP ing site. In the case of Cse1, it is unlikely that the HEAT 8 insertion is involved in a similar mechanism of cou-to GDP by Ran in the cytosolic compartment would lead to an open conformation of the cargo-free Cse1. pling, as the ⌬insert mutant is unable to form a binary complex with importin α (Figure 5B, lane 11) . It seems However, the coiled spring model is not supported by our structure, and we suggest the opposite: the cargo-more likely that the Cse1 insertion senses the presence of RanGTP, and importin α and acts as a pivot point for free structure of Cse1 is in a closed state that opens up to accommodate RanGTP and cargo. the closed-to-open conformational change required to form the nuclear export complex and to prevent cargo Comparison of the two states of Cse1 showed that the dramatic rearrangement of the N-and C-terminal binding in the absence of RanGTP. mechanism for exportin function, since the tRNA export factor Xpo-t appears to operate in the opposite manner free state to a compact, cargo-bound state.
Mutagenesis was carried out using the QuikChange II mutagenesis kit (Stratagene) according to the manufacturer's instructions. The Cse1 mutants were purified using Ni 2+ -NTA affinity chromatogra-Experimental Procedures phy. Although many of the mutant proteins produced poorer yields compared with wild-type, the proteins behaved as wild-type during Protein Purification and Crystallization Full-length Cse1 was expressed as a C-terminal 6xHis-tagged fu-purification, suggesting that the mutations do not cause severe disruptions to the structure. GST-importin α and GST-importin α 73 sion protein in the pQE60 vector (Qiagen) and expressed in E. coli strain DL-41. The protein was purified with Ni 2+ -NTA chromatogra-(lacking the N-terminal 72 residues) were expressed in BL-21 cells, and protein was prepared from cleared cell lysates by using gluta-phy (Sigma), loading the protein onto a column preequilibrated with 20 mM Tris.HCl (pH 8.0) , 300 mM NaCl, 5 mM imidazole, and 2 thione sepharose affinity chromatography.
Pull-down assays were carried out using 25 l of packed gluta- (1996) 
